In recent years, with the decrease of natural crude oil resources, there has been a global trend in both industry and laboratory research towards producing novel biorefinery technologies to manufacture biologically generated chemicals [12] . One such chemical is 2,3-butanediol (2,3-BDO), a bio-produced diol that has many industrial applications, and microbial production of 2,3-BDO may relieve the need for oil-based production. 2,3-BDO is a colorless and odorless 4-carbon chemical that has numerous applications in, for instance, the food industry, cosmetics, printing inks, and plasticizers [6] . In particular, dehydration of 2,3-BDO can produce the industrial solvent methyl ethyl ketone, as well as butandiene, which is used in processing synthetic rubber [5, 16] .
Several species of microorganisms are capable of producing 2,3-BDO naturally by the fermentation process, such as Klebsiella oxytoca and Klebsiella pneumoniae, which are the most widely utilized strains, and Enterobacter aerogenes and Bacillus polymyxa are also used. However, the pathogenicity and susceptibility to opportunistic infection of the Klebsiella strains hinder their use in industrial-scale production of 2,3-BDO [16] .
E. coli is a strain of bacteria widely used in both laboratory-and industrial-scale applications; however, wildtype E. coli does not synthesize or secrete 2,3-BDO under natural culture conditions. Several studies have reported the production of 2,3-BDO by metabolically engineered E. coli but few reports have studied the specific intracellular metabolic changes that occur during 2,3-BDO biosynthesis under different culture situations using metabolic flux analysis (MFA) or have analyzed the factors that influence 2,3-BDO production [9, 17] .
Here, the metabolic network leading to 2,3-BDO biosynthesis is illustrated (Fig. 1) . It involves glycolysis, the pentose phosphate pathway (PPP), the citric acid cycle, and a number of main metabolite-producing pathways. For wildtype E. coli, it has a similar acetolactate synthase (budB) gene as that found in Klebsiella strains, and thus the pathway from pyruvate through acetolactate is active; however, the acetolactate synthase of E. coli is observed to have fewer enzyme units and functions than the acetolactate synthase of Klebsiella strains, and the pathway from acetolactate to acetoin is not active in wild-type E. coli. Nonetheless, it was reported that the cloning of the budBAC operon could improve 2,3-BDO production by facilitating gene regulation. Therefore, in this study, exogenous budBAC genes from Klesiella pneumonia were identified and utilized to construct a new E. coli strain by genetic engineering.
Furthermore, when culturing any specific microorganism, the optimum conditions for growth and product formation will vary a lot owing to different growth environments that are understood as influence factors such as temperature and pH. Since many microorganisms favor 37 o C for cell growth, it was hypothesized that pH influence was the major factor in regulating growth of the novel E. coli strains and production of 2,3-BDO in this study. Therefore, metabolite profiles and corresponding flux distribution analyses were compared during continuous culture of Fig. 1 . Main metabolic network of E. coli including glycolysis, the PPP, the citric acid cycle, and metabolite producing pathways.
wild-type and mutant strains under different pH control conditions.
MATERIALS AND METHODS

Microorganisms and Growth Medium
Klebsiella pneumonia (KCTC2242 from the Korean Collection for Type Culture) was used for cloning the genes encoding acetolactate decarboxylase (budA), acetolactate synthase (budB), and butanediol dehydogenase (budC). The wild-type E. coli K-12 strain W3110 (KCTC 2223 from the Biological Resource Center in Korea) was used to produce the novel E. coli strain. The plasmid pUC18 (Takara Shuzo Co. Ltd., Kyoto) was used for gene cloning and encoding 2,3-BDO synthesis. The plasmid pET28a (Takara Shuzo Co. Ltd., Kyoto) was used to clone the kanamycin resistance gene, in order to construct the pUC18K vector. In this study, all the three exogenous genes were introduced to wild-type E. coli simultaneously, and thus the newly constructed mutant was named E. coli W3110 SGSB04. The bacteria strains and plasmids strains are shown in Table 1 .
The DNeasy Tissue Kit (Qiagen) was used to isolate total genomic DNA from K. pneumoniae KCTC2242. Restriction enzymes and T4 DNA ligase were purchased from Takara Shuzo Co. Ltd. (Kyoto, Japan). The Axy PrepTM kit (Axygen) was used to isolate bacterial plasmid DNA. A gel extraction kit (Takara, A550) was used for the large-scale isolation of plasmid DNA from gels.
The sequence information for genes encoding budA, budB, and budC in K. pneumoniae KCTC2242 was identified and provided by Macrogen Inc. (Seoul, Korea). The primers used for cloning the budA gene were the forward primer 5'-GAA TTC ATG AAC CAT TCT GTT GAA TGC TC-3' and reverse primer 5'-GGA TCC TTA GTT TTC GAC TGA GCG AAT G-3', and the melting temperature (Tm) was 67. C. The budA PCR product was inserted into the EcoRI and BamHI sites of pUC18K. The budB PCR product was inserted into the XbaI and HindIII sites of pUC18K, and the budC PCR product was inserted into the BamHI and XbaI sites of pUC18K.
For preculture and batch culture experiments, the strains were prepared in the same minimal medium (4.00 g/l Na 2 SO 4 , 7.30 g/l 12 .00 g/l (NH 4 ) 2 -H-citrate, 0.02 g/l thiamine and 20.00 g/l glucose). In the case of the SGSB04 mutant culture, another selective antibiotic medium containing ampicillin (100 ng/ml) and kanamycin (50 ng/ml) was added to the medium. IPTG (0.1 mmol/l) was used to induce expression of the exogenous genes from the lac operon for all the SGSB04 experiments.
Culture Conditions
Strains were inoculated in flasks containing 200 ml of broth each for preculture in a shaking incubator (SI-600R; Jeiotech, Korea) at 37 o C and 170 rpm until the exponential phase was achieved (8-12 h). The optical density at 600 nm (OD 600 ) was measured using a UVVis spectrophotometer (BioSpec-mini; Shimadzu, Japan). When the optical density rose around 1.1, each culture broth was used to inoculate batch cultures in individual fermentors (Li-Flux GX; Biotron, Korea) containing 2 L of identical minimal medium (37 o C and 150 rpm).
Continuous culture was initiated after 12-14 h of batch culture when optical density reached its peak value. The feeding glucose concentration was limited to 10 g/l in order to perform metabolic flux analysis, and the dilution rate of the continuous culture was 0.1 h The pH was kept constant (pH 4.5 to 7) with either 5 N NaOH or 5 N HCl. After feeding and flushing five working volumes, the steadystate was achieved and experimental samples for further quenching and extraction of intracellular metabolites were taken at that moment. During the entire experiment process, a sample was taken every 4 h to measure OD 600 and analyze extracellular metabolites. Samples were centrifuged for 10 min at 13,000 rpm (Micro-12; Hanil Scientific Co., Korea) and the supernatants were transferred to fresh microtubes and stored at -40 o C for further extracellular metabolites analysis. Three separate cultures were grown under each set of conditions in this study.
Biomass Analysis
Dry cell weight (DCW) was determined using an infrared moisture analyzer (MJ33; Mettler Toledo, USA). Samples containing 1 ml broth each in microtubes were taken during the batch culture period and centrifuged for 10 min at 13,000 rpm and the supernatant was then removed. The cell pellet was diluted with 1 ml of distilled water and the dry cell weight was measured by dripping the sample onto a piece of paper (provided by the analyzer manufacturer). After 
Extracellular Metabolite Analysis
The extracellular metabolite concentrations (including glucose, 2,3-BDO, lactic acid, acetic acid, succinic acid, formic acid, and ethanol) were measured using a high-performance liquid chromatography (HPLC) system (RI750F monitor; Younglin, Korea). An ion-exchange column (Aminex HPX-87H, 300 mm × 7.8 mm; BioRad, USA) was used with 0.01 N H 2 SO 4 as the mobile phase. The mobile phase was pumped under constant flow rate (0.6 ml/min) and the column and detector temperatures were each set to 60 o C. This method provides accurate measurements within an analysis time of 25 min for all the extracellular metabolites listed above.
Intracellular Metabolite Analysis
To measure the intracellular metabolites, quenching and extraction processes needed be performed. According to Winer et al. [15] , experimental samples for extraction were taken at the moment when five working volumes of medium had been flushed out to achieve steady-state growth. Broth samples (10 ml each) were rapidly transferred into precooled pellet at -40 o C. The biomass was centrifuged for 10 min at 5,000 ×g and -9 o C. The supernatants were removed quickly and the pellets were immediately frozen in liquid nitrogen, and pellets were then stored at -80 o C prior to extraction. The extraction procedure was conducted by resuspending the biomass pellets in 500 µl of pure methanol at -40 o C followed by freezing the tubes in liquid nitrogen and then thawing them in -40 o C refrigerator. The freeze-thaw procedure was conducted three times for the purpose to induce leakage of intracellular metabolites. Samples were then centrifuged at 15,000 ×g for 5 min at -9 o C and the supernatants were kept at -40 o C. After this, another 500 µl of pure methanol was added to the left pellet. The extraction method was repeated as described above, and the methanol extracts were combined to produce a 1 ml aliquot of cell-extracted intracellular metabolite, which was stored at -80 o C. Extraction was performed in parallel experiments for both quenched and non-quenched [11] .
Liquid chromatography was performed on a Waters Acquity UPLC system (Waters, Manchester, UK) with an Acquity HSS T3 column (1.8 µm, 2.1 mm × 150 mm; Waters, Manchester, UK). The column sampling temperature was set at 35 o C, and the autosampler temperature was 4 o C. The mobile phases were 5 mM tributylammonium acetate in water and methanol. The measuring time was 35 min and the flow rate was 300 µl/min. Meanwhile, mass spectrometry (MS) was performed with a Waters Xevo Q-TOF/MS (Waters Corp., Manchester, UK) and ionization was achieved in negative electrospray (ESI) mode.
RESULTS AND DISCUSSION
Biomass Composition Determination
It was necessary to specify the biomass composition to quantify the drain and ratio between the metabolites and biomass [7] . In the experiment process, DCW for wildtype and mutant strains was measured and calibrated according to the OD 600 (wild type: DCW = 1.1316 × OD 600 − 0.0054; SGSB04: DCW = 2.3213 × OD 600 − 1.9796). For MFA, the molar biomass was also determined, adopting a standard elemental composition for a microorganism biomass of CH 1.8 O 0.5 N 0.2 with an ash content of 5.5 w/w% for the E. coli strains [13] . The DCW for each strain under different culture conditions is shown (Fig. 2) ; using this, the flux towards biomass synthesis could be determined. In this study, the carbon source contributing to the cell mass accumulation was assumed to originate from the PPP.
Extracellular Metabolites Profile
For both wild-type E. coli and mutant strains there was a trend toward increased cell mass from acidic to neutral steady-state pH culture environments (Fig. 2) . The steadystate concentrations of each extracellular metabolite for both strains under different pH controls are shown (Fig. 3) . The metabolite concentrations have been normalized with respect to biomass concentrations in respective steadystate situations. For wild-type E. coli, acetic acid and formic acid were the main products secreted at a pH 7 steady-state, whereas lactic acid and acetic acid were the main products at pH 5 and pH 6 experiments, but formic acid decreased a lot.
As is known, during the fermentation process, the culture will produce organic acids that acidify the environment, and thereby the growth and substrate absorbance to decrease gradually and undergo inactivation, inducing these metabolites products. Therefore, at a neutral pH, the culture may produce more organic acids compared with the low pH environments. It can be seen that formic acid and acetic acid generated the highest concentration of organic acids in neutral pH experiments (Fig. 3A) . Moreover, it can be noticed that both acetic acid and formic acid production increased with pH, whereas succinic acid and lactic acid showed the opposite trend, undergoing a decrease when the culture environment was changed toward pH 7. However, the amount of succinic acid was sustained in a relatively stable range, which was in concordance with the Klebsiella strain experiments. There was also an increase in CO 2 secretion as calculated by MFA when the environment tended to be acidic, indicating that the oxygen availability was repressed, producing more organic acids by anaerobic respiration.
In summary, the total organic acid production of the wild-type E. coli strain increased from pH 5 to pH 7.
For the SGSB04 mutant, pH had a major impact on 2,3-BDO production. Although 2,3-BDO yield has been reported to be enhanced by acidic conditions, the optimum pH for its production strongly depends on the particular microorganism [4] . E. coli fermentation results in the formation of organic acids, and when the organic acid concentration in the culture is too high, a "self-defense" mechanism is induced to produce less toxic products. Previous researches have shown that the 2,3-BDO synthesis pathway may account for the prevention of intracellular acidification [14] , and as a neutral compound, 2,3-BDO can compensate for the production of organic acids. Therefore, the 2,3-BDO pathway may be induced by an increase in acid concentration, especially acetic acid, to prevent from changing the microorganism's internal pH [8] .
The SGSB04 mutant also had a higher biomass concentration when cultured at pH 7 at steady-state compared with pH 5 and pH 6 (Fig. 2B) . For metabolite concentrations, it is shown (Fig. 3B ) that 2,3-BDO synthesis was highest at pH 5, during which the other main metabolite was lactic acid. However, in both conditions, lactic acid, acetic acid, and formic acid all exceeded the amount of 2,3-BDO. This result is consistent with previous reports but there are variations between different microorganisms. At pH 5, the amount of lactic acid produced was almost equal to that of 2,3-BDO (around 12.00 mmol/l); this indicates that although it has been reported that acetic acid is the main organic acid that is able to induce 2,3-BDO biosynthesis [3] , lactic acid accumulation is also able to induce the 2,3-BDO production in the SGSB04 strain. On the contrary, the increase organic acid production by the SGSB04 strain correlated with higher biomass yields, thus the production and productivity together with cell growth are summarized and illustrated (Fig. 4) .
Intracellular Metabolites Profile
Intracellular metabolite quantification is useful when formulating the composition of a culture medium, and for detecting the pathways related to growth and production, as well as for facilitating MFA by analyzing the biochemistry of cells at a quantitative level to observe the reactive relationships between pathways [2] . Intracellular concentrations of fructose-1,6-biphosphate (fdp), fructose-6-phosphate (f6p), xylulose-5-phosphate (xyl5p), pyruvate (pyr), and acetylCoA (AcCoA) were examined to facilitate the analysis of flux distributions (Fig. 5) . In all experiments (pH 5, 6, and 7), the approximate ratio between f6p and fdp in the presence of xyl5p ranged from 1:1:0.05 to 1:1:0.1, which was in accordance with the flux distributions shown (Fig. 6) . Conventionally, the biomass-forming flux usually accounts for 15~30% of the total glucose uptake rate, while a large portion of biomass formation is attributable to the intracellular metabolites synthesized through the PPP, and this ratio explains an identical distribution between glycolysis and the PPP. Furthermore, there existed a relatively high concentration of AcCoA and pyr in all the three experiments. The catabolic pathways that feed into the citric acid cycle and the citric acid cycle take place in the cytoplasm. Pyruvate forms acetyl-CoA, and thus the reactions proceed to the citric acid cycle and the formation of acetic acid and ethanol. During the pH 5 experiment (Fig. 6B) , the acidic environment caused less flux towards biomass formation, while accumulating more carbon sources in downstream glycolysis, leading to the synthesis of organic acids secreted along with CO 2 . Furthermore, this accumulation led to more flux towards 2,3-BDO formation.
Metabolic Flux Analysis
MFA is based on a stoichiometric model that explains the biochemistry of the microorganism. The stoichiometry takes into account the intracellular reactions as specified in a stoichiometric matrix [10] . In this study, the glucose concentration, biomass yield, the amounts of 2,3-BDO, acetic acid, lactic acid, formic acid, succinct acid, and ethanol were taken as measured fluxes, and the intracellular fluxes and CO 2 secretion were considered to be calculated fluxes ( Table 2) .
As illustrated (Fig. 6) , the fluxes were calculated in Cmol and have been normalized according to glucose uptake and then employed in the MFA calculation. The MFA results showed a reasonable conclusion with respect to the extracellular metabolite profile. For the wild-type and SGSB04 mutant strains of E. coli, fluxes towards PPP, which was assumed to give the contribution to cell mass accumulation, were enhanced when the pH was altered to be more neutral. This could be the result of a requirement for NADPH, which is essential for synthesizing RNA and special proteins needed for cellular growth. There was no flux to 2,3-BDO synthesis in the wild-type strain, and were more fluxes toward the lactic acid synthesis pathway, the acetic acid and formic acid synthesis pathway. Microorganisms may favor producing less deleterious compounds, such as alcohols, rather than changing their internal pH; thus, the SGSB04 mutant may have produced 2,3-BDO in response to organic acid accumulation in the culture environment. Moreover, 2,3-BDO was also produced at the pH 7 culture, despite there being no acidic pressure to induce the 2,3-BDO production. One explanation may be that in all the above-mentioned experiments, the glucose feedings were set at 20 g/l (in batch culture process) while there was still 4-5 g/l glucose remaining in the culture that was not metabolized. As a result, the excessive amount of glucose may have constituted a stress condition for the microorganism leading to the small amount of 2,3-BDO production. This observation also agrees with previous research on other microorganisms [1, 18] . Moreover, in the pH 4.5 culture, the growth curve of both strains during continuous culture started to decrease at the when HCl was added to maintain the pH (data not shown). Furthermore, very little or no organic acid productions were detected under this extremely acidic environment because the maximum specific growth rate was smaller than the dilution rate, and the cells were washed out in continuous culture. These observations are an important advance for further fermentation experiments and strain development of E. coli mutants. MFA will be invaluable in metabolic engineering, central metabolic pathway analysis, and intracellular flux analysis. More modeling tools utilizing gene overexpression and deletion will be studied, based on the current data balancing both the microorganism growth and 2,3-BDO yield, to perform further systematic analyses of possible biosynthesis pathways.
